Abstract Iron regulation in the brain is both necessary and highly complex. Too little or too much iron can compromise neurological function, yet we still do not know all of the regulatory processes. In our research, we seek to identify genes and gene networks underlying individual differences in brain iron regulation. To this end, we fed mice from 20+ inbred strains a diet low in iron from weaning to 4 months of age. At sacrifice, we measured iron content in the ventral midbrain (VMB). The VMB contains the substantia nigra, a region particularly vulnerable to iron imbalance. The results showed high, inter-strain variability in dietary iron reduction, from almost no loss to more than 40 % vs. control. When we performed quantitative trait loci (QTL) analysis, we observed a significant area on chromosome 2. Within this QTL, we selected glial high-affinity glutamate transporter 1 (Glt1) as the leading candidate. Expression of this gene is both correlated with VMB iron and is also cismodulated by local sequence variants that segregate in the BXD family. VMB expression differences of Glt1 in six strains covary with differential susceptibility to VMB iron loss.
Introduction
Iron plays a number of roles in the brain, from vital contributions to basic cellular metabolism to participation in myelin formation and neurotransmitter synthesis and regulation; however, the same properties that make iron necessary also make it toxic in excess as its redox activity contributes to oxidative stress and neurodegeneration. Despite complex iron regulation in the brain, iron imbalances and consequent disease can develop. One brain region that shows particular vulnerability to iron imbalance and associated neurological disease is the substantia nigra (SN). Dopaminergic neurons of the SN project to the caudate-putamen to form the nigrostriatal dopamine pathway, which regulates voluntary movement. Dietary iron deficiency impairs dopamine (DA) function in this pathway [2] ; alternatively, excess iron can lead to neurodegeneration of DA neurons in this nucleus [5] . Diseases resulting from too little iron in the SN include restless legs syndrome (RLS; [11, 12] ), and too much iron here is a feature of Parkinson's disease [32, 33] . While there is considerable evidence to suggest that iron imbalances play a causal role in both of these diseases, there is no clear explanation for why these imbalances develop.
Genetic differences in the ability to regulate iron in the brain are likely to contribute; however, identifying the underlying genes is difficult. Brain iron regulation is regionspecific and highly complex, involving many genes and biochemical pathways. These genes act at multiple levels, e.g., transcriptionally and post-transcriptionally, and by different mechanisms, e.g. transport, absorption, storage, and export. Moreover, they may interact with environmental factors such as diet. Iron management in the brain, therefore, is a complex trait.
Complex traits in humans can be modeled in genetic reference populations in animals. One such model consists of recombinant inbred strains such as the BXD strains of mice [36] . The BXD strains, derived from C57BL/6J and DBA/2J progenitors, can be used to quantify variation in a phenotype, such as brain iron concentration; this variation can then be traced back to genomic polymorphisms at specific locations and eventually the underlying genes. This is the basis for quantitative trait loci (QTL) analysis. In the BXD, this is possible because these strains have been genotyped at more than 14,000 markers, including single nucleotide polymorphisms (SNP). Hundreds of genes may lie within a QTL interval, so identifying the underlying genes requires complementary methods. One method is to use BXD gene expression data (a public resource at www.genenetwork.org) to screen for genes within the QTL interval whose expression correlates with the trait of interest [23] . Expression differences in these genes can be hypothesized to underlie the trait variation. This approach has proven successful, an early example being the identification of Kcnj9 expression as a mediator of basal locomotor activity [15] . Here, we have applied this approach in a preliminary search for genes that influence iron concentration and susceptibility to iron loss in the ventral midbrain (VMB), which contains the SN and ventral tegmentum.
We profiled VMB iron concentrations and the response to a long-term, low-iron diet across the BXD strain family. We carried out QTL analysis, expression QTL analysis, and corroborative secondary array analyses to identify candidate genes and genes that modulated by iron loss. This work exposed wide genetic variability in the effects of iron deficiency in the brain and led to the identification of a novel QTL for VMB iron and a candidate gene for this QTL.
Methods

Animals
All experimental protocols were conducted in accordance with the National Institutes of Health Animal Care guidelines and were approved by the Penn State Institutional Animal Care and Use Committee. Mice were from 22 recombinant inbred (RI) strains (BXD) and the parental strains from which they were derived (C57BL/6J and DBA/2J). Mice were reared and housed under a constant light-dark cycle (0600-1800 hours, on-off), ambient temperature (23± 2°C) and relative humidity (40 %). Same-sex littermates were co-housed (maximum of three males or four females per cage).
Dietary treatment
Upon weaning at postnatal day 21, mice were assigned to one of two dietary groups: an iron-deficient (ID) diet or an ironadequate, control (CN) diet. The ID diet was pelleted and contained 3-5 ppm iron (Teklad, Inc.); the CN diet contained 240 ppm iron but was otherwise identical. Both diets were supplied ad libitum. All mice were weighed weekly. In total, 1,175 mice were included, divided into 88 experimental groups (22 strains, 2 sexes, and 2 diets). The number of mice per experimental group (strain × diet × sex) ranged from 2 to 19, with an average of 11 mice per group. The inclusion of one strain with an n of 2 was based on Belknap [3] , who showed that within-strain sample size is secondary to the number of strains in terms of power to detect QTL.
Tissue harvest
At postnatal day 120, all mice were sacrificed via CO 2 inhalation, and the brain, liver, and spleen were immediately harvested for tissue iron analysis (first cohort) or gene expression analysis (brain only; second cohort). The VMB and dorsal striatum (caudate-putamen, CP) were dissected as described by [6] . In addition, a blood sample was collected at the time of sacrifice to measure various indices of systemic iron status, including hemoglobin, hematocrit, plasma iron, total iron binding capacity, and transferrin saturation. The analysis of these data can be found elsewhere [38] .
Iron assay
Tissue samples for iron assays were stored on ice for 1-2 h until they were weighed and stored at −20°C. Upon thawing, the samples were wet-digested by adding 400 μL trace metal grade 70 % nitric acid (J.T. Baker Ultrex II, Mallinckrodt Baker, Phillipsburg, NJ). Samples were then heated to 80°C on a heat block for at least 24 h or until homogenization was complete. After cooling, 400 μL nanopure water was added to each tube (Baker Instra-Analyzed Reagent). Samples were stored at room temperature during digestion until ready for analysis. Samples were stored at all times in 1.5-mL polypropylene microcentrifuge tubes to avoid iron contamination from glassware. Iron was assayed by graphite furnace atomic absorption (AA) spectrophotometry (Perkin Elmer Analyst 600, Perkin Elmer, Norwalk, CT). Standards were prepared by diluting a Perkin Elmer iron standard (PE#N930126) in 0.2 % ultrapure nitric acid, and blanks were prepared with digesting and diluting reagents to control for possible contamination. AA values for iron concentration were normalized to tissue weight (micrograms per gram).
Data analysis VMB and CP iron concentrations following dietary treatment are reported as strain means (±SEM) for each group (sex and diet). These data were then submitted to GeneNetwork (www.genenetwork.org; [35] ) for QTL and systems genetic analysis. Iron data were subjected to analysis of variance (ANOVA) for a three between-subject variables experiment (strain, sex, and diet) and, for each diet, two-way ANOVA (strain and sex). Narrow-sense heritability estimates were calculated from the latter. Change in iron for each strain was also calculated (percent control) and submitted to GeneNetwork for QTL mapping.
QTL mapping
QTL mapping was performed with GeneNetwork, an online bioinformatics resource featuring tools for systems genetic and complex trait analysis [9, 35] . QTL mapping involves entering VMB and CP iron data (strain means and SEM) as quantitative traits; the software generates whole-genome interval maps for each trait. The interval maps graphically illustrate phenotype-genotype associations as peaks (QTL) indicating the strength of association between genomic polymorphisms and the quantitative trait throughout the genome. The magnitude of a QTL is evaluated by a logarithm of the odds ratio (LOD score), which reflects the likelihood that allelic variation at a locus underlies variation in the trait. Significance (p<0.05) and suggestive (p<0.63) thresholds for the LOD scores in GeneNetwork are generated from 1,000 random permutations of the trait data. Six iron-related traits were entered: VMB iron concentration following the CN and ID diet, CP iron concentration following the CN and ID diet, and change in VMB and CP iron (percent control). These traits were submitted separately for males and females and with sexes pooled. In addition, principal components were calculated for VMB iron from both sexes and diets, and QTL for the top principal component were also mapped as general iron regulation QTL. eQTL mapping Expression QTL (eQTL) mapping was also performed with GeneNetwork and used for candidate gene selection. The BXD strains exhibit wide genetic-based differences in the basal expression levels of many genes [10] . Expression differences in a gene can be linked back to QTL, termed eQTL, just as any other phenotype. eQTL are driven by polymorphisms that act by altering the expression of a gene, as opposed to protein sequence. Cis-acting eQTL are driven by polymorphisms within or very near to the gene itself. By screening for cis-eQTL within a known QTL region for a trait of interest, one can identify genes whose expression correlates with their trait and is co-regulated by the same QTL as their trait. In this way, eQTL mapping combined with classical QTL mapping can aid in candidate gene selection [23] . GeneNetwork is among other things a public repository for microarray data profiling the BXD panel and offers access to basal expression data on a variety of brain regions and tissues, including the ventral tegmental area (VTA) of the VMB. GeneNetwork also supplies the tools with which to map eQTL for genes of interest within these databases. Our initial QTL mapping experiment yielded a significant QTL for VMB iron concentration. We used the gene expression databases and eQTL mapping tools to aid in candidate gene selection for this QTL. We screened for genes within the QTL interval whose expression correlated with VMB iron levels and exhibited cis regulation, thus regulation by an overlapping eQTL. Any such gene could be hypothesized to contribute to variation in VMB iron levels via differential expression. In other words, the QTL and eQTL could be driven by the same polymorphism. For all eQTL mapping in our study, we used the VTA dataset. The VTA expression data were obtained by Miles and colleagues, using Affymetrix M430 2.0 arrays in mice post-saline injection as part of an ethanol study.
Genetic correlations between phenotypes
GeneNetwork also features a phenotype database, a public repository of data from over 700 traits previously measured across several laboratories in BXD RI (and other) strains. These include behavioral, biochemical, and anatomical traits. The data consist of strain means, not raw data from individual mice, and so we use the term genetic correlation. Using this database, we performed correlation and network analyses to identify relationships with plausible biological significance between VMB and CP iron levels and other phenotypes, including iron-and dopamine-related traits.
Microarray analysis eQTL mapping led to the nomination of a candidate gene whose expression correlates with VMB iron levels; this correlation was detected using existing gene expression data from other independent studies. For direct observation of this correlation, we performed corroborative secondary array analysis. Six strains were selected, with VMB iron losses encompassing the range observed across the panel. Mice from these strains were subjected to the same dietary treatment as above, with one low iron group and one control group per strain. At 120 days of age, gene expression (transcript abundance) was measured in the VMB. Males and females were both represented in each experimental group and were balanced as much as possible; the selected strains showed no evidence of sex-based differences in iron concentrations in CN or ID conditions. The number of mice per experimental group ranged from three to eight with an average of five mice. Samples were not pooled. Microarray analysis was performed at the Molecular Resource Center at the University of Tennessee. Analysis was performed using the Illumina Mouse WG-6 version 2.0 Expression BeadChip. Balanced randomization was used to position the samples on the arrays. Gene expression was assayed according to manufacturer's instructions. Normalization of the data set was done using the rank-invariant method [27] . The data were transformed to obtain the log 2 of each probe set and standardized using Z scores. The Z scores were doubled, and 8 was added to each to produce a set of Z scores with a mean of 8, a variance of 4, and a standard deviation of 2. The advantage of this modified Z score is that a twofold difference in expression level corresponds approximately to a 1-unit difference in expression. Expression levels below 7 were considered essentially to be background. Normalized data were initially filtered by omitting genes for which expression was lower than 8.0 in >70 % of the samples. Data were then analyzed for gene expression differences among our experimental groups in Nexus Expression™ software (Biodiscovery, El Segundo, CA). To correct for multiple comparisons, we applied the False Discovery Rate [4] .
Results
Iron in the VMB
The BXD strains differed widely in both baseline VMB iron concentrations and iron loss following the low iron dietary treatment (Fig. 1a) . Mean iron losses ranged from no change to 37 %. There was a main effect of diet (F 1,1007 095.802, p< 0.001) and strain (F 21,1007 07.898, p<0.001) There was also a significant strain × diet interaction (F 21,1007 02.603, p<0.001).
There was no main effect of sex, but there was a significant strain by sex interaction (F 21,1007 02.038, p<0.004). Male and female VMB iron concentrations were correlated in both the CN (r00.557, p<0.01) and ID (r00.572, p<0.01) groups. Male and female results are not shown separately but can be accessed on GeneNetwork (genenetwork.org). To determine narrow-sense heritability estimates for VMB iron concentration, two-way ANOVAs for each dietary condition (strain and sex) were performed. Heritability, or the percentage of the variance owing to genetic factors, was determined to be 14 % for CN mice and 23 % for ID mice, suggesting stronger dependence of VMB iron concentrations on genetic factors following a challenge to the system. Mean ID iron concentrations were correlated with iron concentrations in the CN mice (males, r00.50, p<0.02; females, r00.50, p<0.02), and more so with iron loss (males, r00.62, p<0.01; females, r00.74, p<0.001).
Iron in the CP
Dopaminergic neurons of the SN project to the CP, thus forming the nigrostriatal DA pathway; for this reason, we measured iron in the CP as well. The effects of the ID diet were similar to those seen in the VMB; iron losses ranged from 0 to 44 %, depending on the strain (Fig. 1b) . ANOVA showed significant main effects for strain and diet (strain, F 21, 919 09.497, p<0.001; diet, F 1, 919 0110.554, p<0.001) There was also a significant strain by diet interaction (F 21, 919 03.478, p<0.001) and strain by diet by sex interaction (F 21, 919 01.657, p<0.05). CP iron content for males and females was also significantly correlated in both the CN group (r00.728, p<0.001) and to a lesser extent in the ID group (r00.522, p<0.01). The narrow-sense heritability of CP iron concentrations for the CN group was 22 % and for the ID group was 26 %.
Although results for the VMB and CP were similar in terms of strain and sex effects, iron concentrations in these brain regions were not correlated; in some strains, the VMB was more heavily impacted, but in others, the CP showed greater losses. Regional differences have been previously demonstrated in iron loss in the brain [8, 14, 28] ; this is the first evidence that the relative impact among the regions is genetically influenced. The CP also differed from the VMB in that baseline iron concentrations were not correlated with ID iron concentrations, but change in iron was related to both the baseline and ID iron concentrations (males CN, r0−0.57, n020, p<0.01; males ID, 0.75, n020, p<0.001).
Systemic iron
To determine whether iron loss in the brain was related to changes in systemic iron status and/or anemia, we also assessed a number of indices of systemic iron status, including hematocrit, hemoglobin, plasma iron, and total iron binding capacity. These data are published elsewhere [38] ; however, all measures showed wide variability among the BXD strains. No systemic iron parameters were correlated with VMB or CP iron concentrations in either dietary condition; however, in males, variables that were correlated with the ID-related change in VMB iron concentration are as follows: Hematocrit ( [21] ; r00.55, p<0.01), CN plasma Fe (r0−0.67, p<0.001), CN spleen weight (males r00.52, p< 0.05), and CN total iron binding capacity (micrograms per deciliter; r0−0.62, p<0.01). Thus, for males, strains with lower baseline hematocrit and spleen weight but higher plasma Fe concentration and total iron binding capacity tended to be the most susceptible to VMB iron loss following iron deficiency. For female mice, the change in VMB iron was unrelated to any systemic variables, including difference scores.
QTL analysis
For VMB iron, we detected significant and suggestive QTL on chromosome 2 under basal and iron-deficient conditions, respectively. In control mice, the C57BL/6 allele at the peak markers was associated with 14 % higher iron concentration compared to the DBA/2 allele. Also of interest was a suggestive QTL on chromosome 17 for VMB iron in control males (~12.5-23.4 Mb) that lies in the vicinity of a QTL previously reported for iron, copper, and zinc in various brain regions [18] and near Btbd9, whose human homologue is associated with periodic limb movements, restless legs syndrome and serum ferritin [34, 37] . Low iron in the substantia nigra is a key pathophysiological sign in restless 
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Iron (µg/g) Fig. 1 Iron concentration in the VMB and CP in the BXD strains and their parental strains. Male and female mice were fed either a low iron (ID) or control (CN) diet from weaning to 120 days of age. a Ventral midbrain iron. b Caudate-putamen iron legs syndrome. No significant QTL were seen for iron concentration in the CP in either treatment condition or treatment by sex combination or for change in iron concentration in either region. Because we were interested in the QTL on chromosome 2, we performed a principal components analysis on iron concentration, combining both dietary treatments and sexes. The QTL map is presented in Fig. 2 . The first and only principal component, accounting for 62 % of total variance, revealed a QTL peak at 109.62 Mb to yield a significant LOD score of 3.94. The associated SNP marker is rs6208879. Because this principal component is a latent variable, we consider it to be relevant to iron homeostasis overall in the ventral midbrain.
eQTL analysis
The QTL interval on chromosome 2 spans a number of genes; eQTL mapping using the VTA dataset on GeneNetwork.org highlighted cis-regulated genes that co-map to the VMB iron QTL. A number of cis-regulated genes within the QTL region were identified; of these, six showed expression levels that correlate significantly with previously measured basal VMB iron levels [20] . These include glial high-affinity glutamate transporter (Glt1 (r0−0.574; 102.6 Mb; probe 1439940_at; Figs. 3 and 4) , apoptosis inhibitor 5 (Api5; r 0−0.498; 94.3 Mb; probe 1415813_at), leucine-rich repeat containing 4C (Lrrc4c; −0.624; 97.3 Mb, probe 1456759_at), pyruvate dehydrogenase complex, component X (Pdhx; r00.508; 102.9 Mb, probe 1459434), and two yet unclassified genes: C920021A13 (r00.685; 94.3 Mb, probe 1441471_at) and 2810002D19Rik (r00.579; 94.3 Mb, probe 1452312_at). Glt1 expression was also correlated with the principal component for general VMB iron regulation (r00.672, p<0.001; Fig. 4 ).
Microarray analysis
None of the six cis-regulated genes within the QTL interval that correlate with VMB iron concentration has a known role in iron homeostasis. To confirm the correlations and determine whether any respond to iron deficiency, we conducted a secondary array analysis of six strains representing the range of iron loss. Of the six genes, only two passed the initial microarray criterion for minimum expression level in the VMB. These were Lrrc4c and Glt1. Of these two, neither showed a change in expression in response to the irondeficient diet; however, consistent with the correlation we discovered using GeneNetwork.org, Glt1 (ILMN_ 3076439) expression was again negatively correlated with VMB iron concentration, here in both iron-adequate and iron-deficient mice (Fig. 5) . In addition, Glt1 expression was significantly higher in the two strains with significant VMB iron loss (strains BXD 38 and 40) than in the four strains that showed nonsignificant iron loss in our iron deficiency study (strain 31, 6, 39, and 19; LR00.29; Q<0.05).
Genetic correlations between phenotypes
To identify correlations between VMB iron and other phenotypic traits of plausible biological relevance, we used the Mice were assigned either a low iron or control diet upon weaning; iron concentrations were assayed at 120 days of age. Principal components analysis was performed on VMB iron under both dietary conditions and for both sexes. Genome-wide interval mapping plots above show a significant QTL on chromosome 2 (right peak at approximately 109 Mb) BXD phenotypes database on GeneNetwork.org. VMB iron was correlated with several DA-related phenotypes in the BXDs, extending previous findings from animal models of iron deficiency. VMB iron and VMB DA transporter (DAT) density were positively correlated, consistent with the previous report that iron deficiency reduces the protein density of DAT in the rat VMB [15] . VMB iron and several anxiety and depression-related phenotypes were also correlated [29] , in line with observations of increased anxiety and depression-related behaviors in iron-deficient rodents and humans [1, 22] .
Other phenotypes included hemoglobin (current study) and PFC iron [20] . The direction, magnitude, and significance of these correlations are reported in Table 1 . A
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Discussion
In this study, we confirmed a wide, genetic-based variation in basal VMB and CP iron concentration [20] and showed a wide variation in susceptibility to iron loss after being fed an iron-deficient diet, both peripherally and in the brain. Our primary interest is in the VMB because it contains the SN, the site for iron-related pathophysiology related to RLS and Parkinson's disease. We identified a novel QTL for VMB iron on chromosome 2. We used extant expression data to nominate Glt1 as a candidate gene, finding that its expression correlates with VMB iron and is cis-regulated. Moreover, we showed that Glt1 expression is correlated with VMB iron across dietary treatments.
Variation in susceptibility to iron deficiency in the brain This is the first study to demonstrate large, genetic-based differences in susceptibility to nutritional iron deficiency in the brain. Perhaps more interesting than the VMB iron loss that occurred in some strains was the ability of other strains to maintain baseline iron levels, despite an extremely low iron diet and long duration of treatment, and in some cases despite signs of systemic iron deficiency. Identifying the mechanisms that manage this in humans could prevent DA malfunction and many other neurological complications of nutritional iron deficiency, which affects over 30 % of the world population (http://www.who.int/nutrition/topics/ida/ en/index.html). There was also a striking disconnect between the brain and systemic response to iron deficiency. This may be explained in part by the additional regulation that occurs at the blood-brain barrier [25] .
Support for Glt1 as candidate
Glt1 (aka Slc1a2) encodes the high-affinity glial glutamate transporter, GLT1. We note several characteristics of Glt1 that support its nomination: it is physically located within our QTL region, its expression shows heritable variation regulated by an eQTL within our QTL region, and its expression is correlated with VMB iron concentration, under both dietary conditions. Glt1 is located on chromosome 2, between 102.498840 and 102.680941 Mb. A search for polymorphic markers between the C57BL/6J and DBA/2J strains (the founders for the BXD RI lines) reveals one nonsynonymous SNP at 102575441 Mb, three indels, and a deletion between 102.505178 and 102.505633 Mb in the DBA/2 strain (Mouse Genomes Project http://www.sanger.ac.uk/cgi-bin/modelorgs/ mousegenomes/snps.pl). The extent to which any or all of these polymorphisms affect VMB iron and Glt1 expression is to be determined. Figure 5 presents a gene-phenotype network analysis of direct and indirect associations between Glt1 expression and iron/dopamine phenotypes. Clinically, striatal GLT1 may play a role in Parkinson's disease, an iron-related, DA-based movement disorder [24] as well as in restless legs syndrome. It has been shown recently that RLS is accompanied by increased glutamate and glutamine levels in the thalamus (RP Allen, personal communication). This could stem from differences in the glutamate transporter, increasing glutamate uptake into astrocytes thereby producing increased glutamatergic activity. This would establish a biological basis for glutamatergic abnormality in RLS. The involvement of Glt1 in VMB iron regulation requires experimental confirmation. While we hypothesize that differences in its expression modulate iron concentration in this region, its correlation with iron could alternatively reflect linkage between Glt1 and some other polymorphism underlying our trait. One drawback to using expression data to select candidate genes is that the focus is entirely on expression-based QTL, when QTL can also be explained by polymorphisms that act by altering protein sequence. Whether the distance between the eQTL for Glt1 and the first principal component is important remains to be seen. Nonetheless, with careful follow-up work, this approach can be successful. For example, Palmer and colleagues used microarray analysis and mice selectively bred for methamphetamine sensitivity to show that casein kinase 1 epsilon (Csnk1e) expression co-mapped with a QTL for methamphetamine-induced locomotor stimulation [26] . They suggested differences in locomotor stimulation could be explained by differences in Csnk1e expression. In a subsequent study, selective inhibition of Csnk1e indeed attenuated the locomotor response to methamphetamine [7] . In a separate analysis, it was found that a single nucleotide polymorphism in Csnk1e in humans is associated with differences in subjective response to D-amphetamine, demonstrating the translational utility in this approach [38] .
Conclusions
Understanding iron-DA mechanisms and what predisposes certain individuals to develop high or low iron in the VMB or other DA-relevant brain regions will aid in developing prevention and treatment strategies for iron-related neurological disease. By combining classical QTL analysis, eQTL analysis, and microarray analysis, we were able to both identify a novel QTL and candidate gene for VMB iron concentration. 
